Abstract Traditionally, physicochemical processes whose result is the release of methane from a coal sample-often referred to as desorption-are discussed in relation to two phenomena, i.e., the transportation of gas inward (or outward) the porous substance, and the desorption (or sorption) proper of gas from the coal surface. The complex pore structure of coal necessitated the adoption of an arbitrary division of the gas transportation into: the diffusion of gas within the pore network in grains (understood as a molecular phenomenon) and the filtration of gas through the system of fissures and large pores (understood as a phenomenon related to the fluid mechanics). The filtration-type transportation of gas through a porous medium is most typically discussed in the context of the flow of gas through coal beds, or other porous rocks. In laboratory analyses carried out on granular samples obtained from the porous material, the filtrational flow of gas among the sorbent grains and within the fissure system is so fast (as compared to the diffusion occurring inside the grains) that the decisive factor influencing the kinetics of gas release is, most often, diffusion. In the case of such observations, it is assumed that the process of the sorption proper is almost instantaneous in its nature. There are no theoretical premises that would challenge an assumption thus formed, however, it would be very interesting to carry out an experiment confirming their existence. The present paper discusses an attempt to estimate, under laboratory conditions, the kinetics of the sorption proper. It provides a description of the specially built measuring equipment, as well as the results of the performed experiments, together with their analysis. In the performed experiments, the obtained time constants of sorption were smaller than 50 ms. The lowest values did not exceed 10 ms. Since the obtained time constant values are very low-in spite of the fact that it was impossible to completely eliminate the delays connected with the transportation of molecules to the sorption sites-the authors are of the opinion that the process of sorption proper shall be assumed to be instantaneous.
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Introduction
It is frequently the case that, when the release of the sorbate from the sorbent is discussed, the idea of "desorption" is used in a broader sense than it would issue from the very nature of the process. Thus, "desorption" means a number of processes resulting in the release of the sorbing gas from the sorbent. When speaking about the release of methane from a coal bed into an excavation, we typically mean the combination of the filtration (Crank 1975; Timofejew 1967; Pillalamarry et al. 2011; Hu et al. 2009; Wu et al. 1998) , diffusion, and sorption processes, which will further be referred to as "the sorption proper" (Harpalani and Chen 1997; Pillalamarry et al. 2011; Day and Sakurovs 2008; Weniger et al. 2010; CeglarskaStefańska and Zarębska 2005; Majewska et al. 2009; Busch and Gensterblum 2011; Nagaoka and Imae 2003) . Under laboratory conditions, in which case the investigations are carried out for small-sized grain samples, we can assume that the transportation of gas is influenced mainly by the diffusion processes. The kinetic aspects of the diffusion and filtration processes have been studied and described quite thoroughly (Alexeev et al. 2010 , King and Ertekin 1989a ,b, Harpalani and Schraufnagel 1990a Crosdale and Beamish 1998; Li et al. 2012) . The methods of determining the diffusion coefficient and the material permeability coefficient have also been mastered. The factors that have an impact on the speed of these processes are well known. However, in relevant sources, the notion of "sorption kinetics" is often used to refer to the speed of the filtration and diffusion processes (Kawęcka 1988; Busch et al. 2004; Wierzbicki 2011) . Most studies neglect the aspects of the kinetics of the sorption proper, as their main focus is on the steady states, or the issues related to the gas transportation. Their authors make an explicit or implicit assumption that the sorption itself is instantaneous (Clarkson and Bustin 1999) . When it comes to assessing the speed of the sorption proper, the biggest difficulty lies in developing such a measuring methodology that would minimize, as effectively as possible, the impact of gas transportation upon the measurement results.
Determining the Time Constant of the Sorption Proper of Gas on Hard Coal
The basic assumption of the developed measurement methodology for determining the speed of the processes of the sorption proper was to minimize the impact of the effects related to gas transportation. Therefore, the sorption heat effects were used, which will serve as a basis for inferences about the speed of the sorption process. These effects are connected with the energy of the interaction between a gas particle and the surface of a solid material (Ecknauer et al. 1981 ). If a gas particle is adsorbed on the surface of a solid material, the sorption heat Q s is immediately released. During the desorption process, the heat is absorbed from the environment and the carbon skeleton, which is why the coal cools down (Timofejew 1967) . Therefore, we shall assume that the speed of the heat release during sorption processes is the measure of the speed with which the sorption process itself occurs. Thus, by measuring the temperature changes during that process, we are able to determine the time constant of sorption −τ s . When doing that, one should make sure that the size of the coal grains dusted onto the thermometer is as small as possible, and that there is only one layer of grains. If we take account of the fact that, in this experiment, it is not possible to totally eliminate the processes of gas transportation, we can assume (having taken into consideration the fact that transportation of gas is not accompanied by any heat effects) that the chosen method of measuring the sorption time constant is not dependent on the size of the grains used in the experiment.
The Measuring Position
The general idea of the investigations discussed here is to carry out a temporal analysis of the changes in the temperature indicated by a thermometer coated with a layer of coal. The thermometer is placed within a stream of argon, and then within a stream of carbon dioxide, alternately. A schematic drawing of the measuring equipment is presented in Fig. 1 . Argon and carbon dioxide flow into a measuring chamber, passing through a reducer, a flow meter, and a system for stabilizing the temperature of the gases. Both gas streams have the same temperature. The measuring chamber consists of two pipes connected at the end section, at a slight angle. Close to the meeting point of the pipes supplying argon and carbon dioxide, a special mechanism is installed, which makes it possible to move the coal-coated thermometer between the two gas streams in a possibly fastest way. The time period needed for moving the thermometer is ca. 20 ms.
In order to measure the changes in temperature during sorption and desorption of carbon dioxide on hard coal, resistance thermometers were used. A sensor was made out of a Pt-Rh resistance wire with the outlet diameter of 10 µm. After the wire had been flattened, sensors whose thickness was between 1 and 1.3 µm were obtained. Due to its specific mechanical strength, it was impossible to flatten the wire further (which would ultimately result in decreasing its time constant). The time constant for resistance thermometers is ca. 5 ms.
Thus constructed thermometer, which had been tested before the start of the experiment, was coated with coal grains whose size was between 4 and 26 µm. In order to ensure a better thermal contact, as well as a mechanical contact between the coal grains and the thermometer, the grains were glued to the thermometers with diluted nitro lacquer. Fig. 2 The histogram of the differential distribution of the pore volume in relation to pore radii A coal sample from "Thorez" coal mine facility, located in the Lower Silesian Coal Basin, Poland, is characterized by the following parameters (Nodzeński 1990) (Table 1) .
The histogram of the differential distribution of the pore volume in relation to pore radii, for the investigated coal, is presented in Fig. 2 .
The gases used in the experiment were carbon dioxide and argon, which have similar molecular masses (44 and 40, respectively). It was assumed that the sorption of argon on hard coal is quite low when compared to the sorption of carbon dioxide. The proper execution of the experiment excluded the usage of helium as an unsorbable gas due to the Dufour effect, which is a phenomenon opposite to thermodiffusion. During the mixing of two gases which have the same temperature and which do not react with each other (like helium and air), a temperature difference of several degrees is observed.
After the coal-coated thermometer had been moved from the stream of argon into the stream of carbon dioxide, the adsorption process would begin. As a result of the release of the sorption heat, the coal would get warmer, and, at the same time, cooled down by the gas stream. The temperature would rise to a certain value-and then drop to the initial value. When the coal-coated thermometer was moved in the opposite direction (i.e., from the stream of carbon dioxide into the stream of argon), changes in the temperature had an opposite symbol. During the desorption process, the coal would cool down, and then its temperature would rise to the initial value.
The Heat Balance of the Coal-Coated Thermometer During the Gas Sorption Process
In order to interprete the obtained results properly, it is essential to establish the heat conduction equation. Changes in the coal temperature are connected with the sorption effects, as well as with the heat being passed to the stream of gas. The heat balance can be described by means of the following equation:
where t is the time (s), T (t) is the temperature (K), q r is the volumetric efficiency of the heat source, related to the gas sorption W m 3 , c p is the specific heat capacity for a constant pressure value J kg K , ρ is the density kg m 3 , α is the heat-transfer coefficient W K m 2 , β is the thermal absorption coefficient m −1 , and T k is the final temperature of the gas (the stream temperature) (K ).
The volumetric efficiency of the internal heat source, related to the sorption processes, is proportional to the heat of the sorption and the speed with which the changes in the adsorbed gas take place:
where a(t) is the amount of the adsorbed gas at specific time t, expressed as the mass of the sorbed gas per unit of coal volume kg m 3 and Q s is the heat of the sorption J kg . The speed of the gas desorption is proportional to the difference between the amount of the adsorbed gas at specific time a(t) and the amount of gas a m that can be sorbed under given thermodynamic conditions, for specific pressure and temperature values, and after an infinite period of time (Kel'cev 1980) . The equation of the sorption kinetics is as follows:
where τ s is the time constant of sorption (s). Let us assume that, at the time t = 0, the concentration of carbon dioxide is c 0 . The corresponding (via the sorption isotherm) amount of the adsorbed gas is a 0 . Subsequently, the concentration of the carbon dioxide assumes the value c m in an infinitely fast way (the dislocation of the coal-coated thermometer), which, in a steady state, equals the amount of the adsorbed gas a m . For such initial conditions, Eq. (3) has the following solution:
After supplying the solution of Eq. (3) into the Eq. (1), we arrive at the following formula:
If we consider a process during which adsorption does not occur-such as moving the coal-coated thermometer from one carbon dioxide stream to another carbon dioxide stream, whose temperature is slightly higher-the second term of Eq. (5) disappears. Equation (5) shows that the constant τ t can be interpreted as the time constant of the process of leveling the temperatures between the thermometer and the gas stream. Taking this into account, we are able to determine the time constant of the coal-coated thermometer.
Let us now consider the adsorption process, making an assumption that the thermometer with coal-at the initial moment-is placed within a stream of argon whose temperature is T 0 , and then is moved into a stream of carbon dioxide whose temperature is T k . For such initial conditions, the solution of Eq. (5) takes the form of the following function:
where
As can be seen from formula (6), the experiment involves two opposite processes characterized by different time constants. During the adsorption process, due to the heat release, the temperature of the thermometer with coal increases. The time constant of this process equals τ s . At the same time, due to the difference between the temperatures of the gas stream and of the coal-coated thermometer, the leveling of temperature values takes place. The time constant of this process equals τ t .
The function T (t) is a function with five unknown parameters: A, B, τ s , τ, and ΔT = T 0 − T k . The data obtained in the course of the experiment was used to calculate the values of the parameters of this function. In order to do this, the following objective function was constructed:
where T i is the temperature obtained during the experiment, at the moment t i (K). Subsequently, Powell's gradient method (Press et al. 1986 ) was used to determine the minimum of the function f (A, B, τ s , τ, ΔT ) . As a result, it was possible to establish the time constants of the sorption process, as well as of the temperature leveling process.
The Experiment Results
In order to determine the time constant of sorption, it is necessary to perform a speedy measurement of the changes in the temperature of the coal dusted onto the thermometer during the sorption process, induced by a change in the gas concentration. Prior to these investigations, tests were carried out to establish the parameters of the thermometers as such. A thermometer not coated with coal was moved from a stream of argon into another stream of argon, whose temperature was slightly different (subsequently, this sequence was reversed). In this case, we are dealing with the temperature-leveling process, described by means of Eq. (5) devoid of the last term, related to the gas sorption on coal. The quantity τ t is the time constant of the temperature-leveling process. It provides information on how fast the thermometer reacts to a step change in temperature.
Obviously, the thinner the thermometer which measures the temperature changes, the shorter the time constant τ t . This is due to the change in the thermal capacity of the thermometer, which depends on its mass. The time constant of a 1.3-µm thick resistance thermometer was ca. 5 ms.
The time constant of the temperature-leveling process will change when the thermometer is covered with a layer of coal (the thermal capacity of the thermometer-coal system will change). Some experiments analogous to the ones described above were carried out, however, the thermometer was in that case covered with layers of coals of various thickness. Since both streams were the streams of the same gas, our experiments do not entail a heat exchange related to the gas sorption. For a 4-µm thick thermometer and a 25-µm thick layer of coal, the time constant of the temperature-leveling process is 120 ms. For a 1.3-µm thick thermometer and a 6.5-µm thick layer of coal, it is 13 ms. The lowest time constant of sorption was obtained for a 1.3-µm thick resistance thermometer, covered with a 6.5-µm thick layer of coal. Its value was 10 ms. However, for very thin layers of coal, the temperature changes were rather insignificant. Thus, the determined time constant of sorption might be characterized by a major measurement uncertainty. In most experiments, the time constant would not exceed 50 ms. Therefore, it needs to be stated that the process of sorption itself is a very fast process.
Potential Errors and Measurement Uncertainties
In order to find out what is the influence of temperature and the thickness of a coal layer upon the time constant of sorption, experiments were carried out during the processes of carbon dioxide sorption and adsorption, for three different temperature values and three layers of coal of various thickness, put on the thermometer. Figures 4 and 5 show the results of the measurements of the sorption time constant, both during the adsorption and desorption process, in relation to the temperature of the sorbed gas.
The diagrams leave no doubt as to the actual impact of the thickness of the coal layer upon the value of the calculated time constant. The thicker the layer, the greater the value of the latter. This means that even with such thin layers of coal filtration processes play a decisive role when it comes to the speed with which sorption takes place. This becomes totally understandable once we compare the size of pores in which the transportation of gas occurs to the scope of the coal layer dusted onto the thermometer. Filtration takes place in Fig. 4 The relationship between the adsorption time constant and temperature Fig. 5 The relationship between the desorption time constant and temperature pores whose diameters are measured in nanometers, and the thickness of the coal layer is between 10 and 20 µm.
The speed with which sorption occurs on a smooth and energetically homogenous surface is determined by two opposing processes: the adherence of molecules on the surface as a result of the adhesion forces, and the transformation of the adsorbed particles into the gas phase due to the energy supplied by the thermal vibrations of the sorbent particles. For the sake of this argument, let us adopt the assumptions of the Langmuir theory. The adsorption process occurs on the surface on empty active sites, solely. There is no interaction between the sorbed particles. On each active site, only one particle can be adsorbed (monolayer adsorption). Only some of the particles falling to the surface of a solid material are adsorbed.
With these assumptions, the equation of the sorption kinetics assumes the following form (Damköhler 1935) :
where Θ is the extent to which a surface is covered with a monomolecular layer, expressed as the ratio of the number of adsorbed gas particles and the total number of particles that can be absorbed: Θ = a/a m , µ is the number of particles falling to a unit of surface within a unit of time , υ 0 is the number of particles falling on a unit of the sorbent's surface 1 m 2 , and α m is a non-dimensional accommodation coefficient, determining the probability of adsorption of a particle falling to the surface.
The solution to this equation, with the initial condition being t = 0; Θ = Θ 0 , is the following function:
where τ s is the time constant of sorption (s). One can demonstrate that the dependence of the sorption time constant on temperature is as follows (Gawor 1993) :
where Q m is the molar heat of sorption J mol , R is the universal gas constant J mol K , and τ o is the constant not dependent on temperature (s).
Formula (10) brings us to the conclusion that the time constant of sorption gets shorter with an increase in temperature. As can be seen in Figs. 4 and 5, a similar tendency revealed by the time constant of sorption was observed during the discussed experiments.
Conclusions
Careful inspection of the sources quoted in the majority of scientific papers reveals that they do not differentiate between the kinetics of the sorption process and the transportation of gas on hard coal. In almost every experiment, the sorption kinetics is understood as the speed with which gas enters the porous structure of coal. However, from the perspective of physics, sorption and gas transportation are two completely different processes. Some models aiming at determining the kinetics of the sorption proper are introduced only as part of theoretical discussions. The authors of the present paper suggest that the applied terminology should better reflect a process under investigation (e.g., the diffusion kinetics).
A significant changeability of the sorption properties of coal means that it is difficult to compare the experiment results, even when the kinetic parameters are carefully defined. When the processes of sorption and filtration are viewed as two totally separate phenomena, one can assume that the speed of the sorption process is determined by the time constant defined by formula (3). This quantity does not depend on the size of grains and the distribution of the size of pores within grains. This is in accordance with the mechanism of the sorption process, which involves the interaction of forces between a gas particle and the atoms of the solid material surface.
The performed experiments bring us to the conclusion that the time constant of sorption is definitely shorter than 50 ms. This estimation is quite formal, as, when the experiments were carried out, it was impossible to totally eliminate the transportation-related processes.
While determining the time constant of sorption, the thickness of the coal layers was consistently reduced, until it was just a few micrometers. On the one hand, it made it possible to eliminate the impact of the transportation; on the other-it resulted in the reduction of the temperature signal and an increase in measurement uncertainty. Under such conditions, the obtained time constant of sorption was ca. 10 ms.
The essential conclusion to be drawn from these experiments is that the sorption of gases on hard coal is a process much faster than the transportation of gas into the porous structure of coal. Therefore, in theoretical analyses of the kinetics of gas penetration into coal, one can neglect the terms related to the gas sorption, and assume that it occurs instantaneously.
In practical mining, the value of the time constant of sorption is quite irrelevant, which is due to the fact that non-stationary processes of the gas-coal interaction are inseparably linked to filtration and diffusion. The kinetics of the sorption process may be of vital importance only during the crushing of coal masses (and exposing new surfaces). A similar situation occurs during gas and rock outbursts, and crumps (Skoczylas 2012a,b) .
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